Abstract-The design process and simulation of a phased array antenna for a coastal surveillance radar application in X band (8.8 − 9.6 GHz) is presented. A printed folded dipole is chosen as radiating element due to its feasible behaviour and fabrication facilities. The designed array consists of 5 rows of 144 elements each one, achieving a total dimensions of 260 cm width and 11.5 cm heigth.
I. INTRODUCTION
In radar systems, the antenna has the function to transmit the electromagnetic energy through the medium and collect the reflected energy of a distant target. In order to do the described process in an efficient way, the device should have an appropriate impedance matching, high gain, low side-lobes level and guarantee a precise angular resolution enough for the application. For that reason, it is almost mandatory to use large aperture antennas, commonly reflectors and large arrays to achieve the mentioned specifications. Antenna arrays have the capability to steer their beam electronically, avoiding the mechanical wear and making possible a dynamic and efficient beam control, one of the fundamental characteristics of modern radar systems. The phased arrays operation is primarily based on introducing an appropriate phase difference between the adjacent array elements, so the desired beam tilt is achieved.
Historically, the phased array technology has been mainly impulsed by satellite surveillance and ballistic missile defense applications, although with the accelerated development of solid state active elements, the MIMIC ( Millimeter and Microwave Monolithic Integrated Circuits) and industry growth, it is possible to use this technology on ground based and airborne radar applications as well. Nowadays, new fields of interest have emerged, as photonic beam forming, microelectromechanical phase shifters and space-time adaptive processing arrays, allowing the progress of phase array technology and its adaptation to the new challenges that civilian and military industry impose [1] .
A phased array antenna design for a coastal surveillance radar application in X band (8.8 − 9.6 GHz) is presented. The design specifications are based on the IALA (International Association of Marine Aids To Navigation and Lighthouse Authorities) recommendations for VTS (Vessel Traffic Services) systems and a comparison of diverse coastal surveillance radar products available in the market. The design specifications are listed on table I. The remaining part of the article is organized as follows, in the second section the array design is presented, determining the distance between adjacent elements and rows, the amplitude weighting and additional design consideration effects. In the third section the modeling and simulation of the radiating element is described. In the fourth section the distribution network design is detailed. Finally, in the fifth section the conclusions of the work are presented.
II. ARRAY DESIGN
The antenna power gain (G) and the half power beamwidth (θ −3dB ) are related to the directivity and the effective antenna aperture, therefore it is necessary to achieve a suitable combination of two main parameters, the radiating elements separation (d), and the number of elements (N ), avoiding the grating lobes appearance. It is important to note that, the largest numbers of elements, the narrowest is the beam, but the feeding network design will be more complex and also the losses will be higher. Then it is necessary to find a compromise between the number of elements and complexity of the feeding network. The chosen values in order to fulfill the specifications are summarized in table II. For radar applications it is important to have control over the side lobes level, therefore it is necessary to use an amplitude weighting technique to reduce it according to design specifications, however if the side lobes level is reduced a gain loss and enlargement of the half power beamwidth is obtained. In order to achieve a SLR (Side Lobe Ratio) higher than 25 dB, the Taylor's window is chosen, due to θ −3dB parameter degradation is acceptable keeping the side lobes level low. Further comparisons and specifications for other windows can be consulted on [2] .
Other behaviors could be expected in the frequency band extremes and maximum steering angles, however these considerations are taken into account in order to maintain the system performance properly. In Fig. 1 a comparison between the center frequency and extremes frequency band for azimuthal and elevation array factor is presented, as well a comparison between two different steering angles, 45 o and 135 o , at the center, and extreme frequency of the operating band is presented in Fig. 2 . It is possible to appreciate that even at the extreme frequencies and for different steering angles, the design specifications are still accomplished.
A large number of elements per row is obtained (144), so it is important to reduce the distribution network complexity. Ideally, in order to achieve a good performance with the Taylor weighting, each element should receive the appropriate power percentage and diminish gradually between adjacent elements. However, this could complicate the power dividers design, for this reason it is important to implement a power sub array configuration. The power delivered to each sub array follows a similar Taylor weighting but keeping constant the power delivered to each element of sub array as it is presented in Fig. 3 .
It is important to take into account the quantification error produced by the implemented phase shifters as well. This effect is generated due to the limited number of phases of this devices as is defined in [3] . The first effect perceived is a gain loss at the main lobe, the second is the rise of undesirable quantification side lobes and the third is a pointing deviation in the main beam. This errors depends on the phase shifter number of bits (B) and the half power beamwidth (θ −3dB ). A simulation is performed to evidence the mentioned effects, with 4 bits phase shifter the side lobes level is below −25 dB as is presented in Fig. 4 , enough condition in order to accomplish the design specifications.
The conventional phased array architecture contemplates one phase shifter per radiating element, thereby the steering is controlled by changing the phase shift between adjacent radiating elements. However, this model could be expensive for large arrays, increasing the total price of the antenna. An alternative architecture have been proposed in [4] , it uses one phase shifter per radiating sub-array, preserving the distance d between adjacent radiating elements. The phase in each sub- array is constant and the steering is controlled by changing the phase shift between adjacent sub-arrays. Unfortunately, this technique drastically increase the side lobes level, a sensitive parameter for radar applications as is depicted in Fig. 5 . Nowadays, this situation has not been solved in its totality and is under investigation. In order to accomplish the side lobe levels requirement for the present design, one phase shifter per radiating element is used.
III. RADIATING ELEMENT DESIGN
The dipole is a well known antennas array element due to its feasible behavior and fabrication facilities, it can be manufactured by wire or printed technologies. A folded printed dipole is chosen as the radiating element for this design, it consists on two interconnected arms, one of them is directly connected to the feeding. The input impedance of the folded dipole is four times higher and presents higher frequency bandwidth than the conventional one, the arms width control the impedance adjustment [5] . The folded dipole model is implemented, simulated and optimized on CST Studio Suite software over a Rogers substrate (RO4350B) with properties detailed in table III. In order to achieve 50 Ω impedance coupling at the antenna input it is necessary to use a microstrip balun element defined in [6] as shown in Fig. 6 . The balun and the folded dipole are jointly simulated and optimized in order to obtain an appropriate impedance coupling over the frequency bandwidth keeping a stable radiation pattern. The S11 coefficient is below −20 dB over all the frequency bandwidth as is depicted in Fig. 7 , both element resonances can be noted as is expected. The azimuth and elevation simulated radiation patterns at 9.2 GHz are presented in Fig. 8 , a maximum broadside gain of 4.71 dBi is achieved. Finally, a four elements sub array prototype with uniform amplitude feeding is simulated in order to verify and validate the correct modeling as depicted in Fig.  9 . 
IV. DISTRIBUTION NETWORK DESIGN
The distribution network is designed in order to achieve the chosen Taylor weighting with the purpose of side lobes reduction. First, the number of elements is established, the array consists of 5 rows with 144 elements as it is mentioned before. Therefore, it is necessary to design the complete distribution network for one row, 144 elements, and the complete distribution network to interconnect the five rows. Then, the distribution architecture is established using 2-way and 3-way power dividers. Finally, the power distribution is calculated and each power divider is designed, simulated, optimized and integrated using microstrip technology over the Rogers substrate (RO4350B) also used for the element design.
A. Elements Distribution Network
The elements distribution network is designed using 12 uniform power sub arrays, 4 asymmetric 3-way power dividers, 2 asymmetric 2-way power dividers and 1 symmetric power divider as it is presented in Fig. 10 . It is necessary to adjust and optimize the physical parameters of power dividers to achieve the appropriate impedance value at the input and output ports 50Ω. The designed power dividers and radiating elements are integrated on CST Studio Design tool. The complete rows dimensions are presented in Fig. 11 , it is obtained a 16.3 cm length, 259.6 cm width and 2.5 mm height. The simulation results are shown in figure 12 , the port impedance is 50.125Ω at 9.2 GHz and the S11 coefficient is below −20 dB over all the frequency band. 
B. Rows Distribution Network
The process design is the same as previous section, the numbers of rows is established as 5 in order to achieve the elevation half power beamwidth (θ −3dB ) specification (20 o − 25 o ). It is necessary to use Taylor amplitude weighting in order to decrease the side lobes level as well. The distribution network is modeled, simulated and optimized on CST Studio Design tool over the same substrate, it is based on the 2-way and 3-way Wilkinson dividers architecture. The designed rows distribution network complete dimensions are presented in Fig. 13 . Finally, the simulation results are shown in Fig. 14 , the ports impedance are equal to 50Ω at 9.2 GHz, the S11 coefficient is below −20 dB over all the frequency band and the transmission coefficients accomplish the power distribution percentage. 
V. CONCLUSION
An appropriate design methodology for a phased array antenna in X band (8.8 − 9.6 GHz) for radar applications is presented. In the first design stage is taken into consideration the specified parameters to be performed by the radiant system, the array number of elements and its separation are fixed. It is necessary to use a Taylor amplitude weighting in order to achieve the required side lobe ratio (SLR) design specifications, a SLR above 25 dB is obtained. When carrying out the amplitude weighting selection, the feeding network complexity is reduced by implementing amplitude sub arrays (12 · 12 = 144) keeping stable the parameters performance. The possibility of phase sub arrays grouping is explored as a strategy to reduce the required phase shifters number for the complete array, however the problems associated with these techniques are not resolved yet and remains under worldwide investigation. A printed folded dipole is chosen as the array radiating element due to its simplicity design, low cost, fabrication facilities and feasible integration with electronic circuits. The element is simulated and optimized in order to have an appropriate input impedance coupling, a gain of 4.71 dBi is achieved. The distribution network is designed to accomplish the chosen amplitude weighting using 2-way and 3-way power dividers, it is simulated, optimized and integrated to the radiating elements using microstrip technology over the Rogers substrate (RO4350B), an appropriate impedance coupling is achieved over all the frequency band. Prototype construction and measured results will be presented in EuCap'2016 Conference in Davos, Switzerland.
